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INTRODUCTION
"Ecotechnology is the use of technological means for ecosystem management, based on deep ecological understanding, to minimize the costs of measures and their harm to the environment" (Straskraba 1993) . The science of ecotechnology is similar to that called "ecological engineering," which in turn has been described as "the management of nature" (Odum 1971) , or as "the proactive design of sustainable ecosystems which integrate human society with its natural environment, for the benefit of both" (Mitsch 1996; Painter 2003; Mitsch and Jørgensen 2004) . Ecological engineering involves mostly creation and restoration of ecosystems whereas ecotechnology encompasses the management of ecosystems (Mitsch and Jørgensen 2004) . Both subjects have largely been devoted to the sustainability of wetlands,
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Halcrow Group Limited, Endeavour House, Forder Way, Cygnet Park, Hampton, Peterborough, PE7 8GX, U.K., School of Architecture, Design and Built Environment, landslides, erosion, rockfall, storms range of environments. In this book, we will focus on the restoration or protection of sites using eco-and ground bio-engineering techniques, both of which fall within the science of ecotechnology. Eco-engineering has recently Ground bio-engineering methods integrate civil engineering techniques with natural or man-made materials to obtain fast, effective and economic methods of protecting, restoring and maintaining the environment Coppin and Richards 1990; . The use of, e.g., geotextiles or brush mattressing to arrest soil run-off and the planting of fastgrowing herbaceous species to fix soil, are typical ground bio-engineering required concerning the ability of the plant to grow on a particular site, and also the efficiency of the root system in fixing and reinforcing soil on an unstable slope. Although such information may be available for a particular species, its performance in the long-term also needs to be known, e.g., grasses often die back in summer and should be combined with shrubs so as to avoid slippage or erosion problems. Shade intolerant species will also decline as shrubs and trees grow taller over a longer period of time. Longtools could also be integrated into Geographic Information Systems (GIS) to predict future risks. Such management techniques are particularly effective in large-scale areas in Europe, e.g., ski resorts, mountain slopes and forest stands (Dorren and Seijmonsbergen 2003) .
Using eco-and ground bio-engineering techniques
techniques. The correct choice of plant material is difficult, as knowledge is wastewater and aquaculture (Painter 2003) , but can be applied to a larger such hazards can be mass movement of soil, e.g., landslides, avalanches and rockfall, or erosion, e.g., sheet and gully erosion or river bank erosion.
been defined as the long-term, ecological strategy to manage a site with By combining ground bio-engineering techniques with long-term solutions, regard to natural or man-made hazards (Stokes et al. 2004 ). For natural slopes, slopes can be managed effectively to minimize the risk of failure.
in situations whereby human safety is not an immediate issue, the site is largeterm solutions therefore need to include the use of appropriate management stability during the restoration time (Figure 1.1 for the gain produced, and eco-engineering techniques may be used. However, it must be remembered that any gain as a result of an eco-engineering project will only be in the long-term. Typical eco-engineering practices may include the use of DSS (Gardiner forest should consist of broadleaf species, the number of wild ungulates should be limited and thinning and felling should be carried out with care (Motta and Haudemand 2000) . Similarly, in conifer forests subjected to frequent storms, the upwind border of the stand could be planted with broadleaf species and pruned to create a 'ramp', or shelterbelt type structure. Such a structure would cost little to maintain and would allow the prevailing et al. 1995).
Europe which engineers and ecologists should consider both in education has been concerned with increasing productivity through technological countries are unable to invest heavily in environmental restoration of degraded lands. Eco-engineering techniques can therefore provide a lowcost, long-term solution in certain cases. As mentioned previously, ground bio-engineering is defined as the use of living plant materials to perform some engineering function, from simple erosion control with grass and legume seeding or more complex slope stabilisation with willows (Salix sp.) and other plants ). The response is fast which is particularly important for stabilizing a denuded slope.
The function of vegetation in bio-engineering can be divided into four groups , which are:
and Quine 2000; Mickovski et al. 2005; Mickovski and van Beek 2006, see incurred in carrying out certain bio-engineering techniques may be too high Chapter 8) to determine how and when to plant depending on soil and slope type and the hazards to which the site is exposed. Management strategies are be considered. If the site is large-scale, e.g., a mountain slope, the expenses then proposed for the upkeep of the site. For example, a mountain protection and application (Stokes et al. 2007) . Human activity over the last 100 years Eco-engineering is beginning to emerge as a future research area in now necessary to repair this damage, although with limited resources, many wind to pass over the plantation, rather than penetrate into the stand (Quine progress, at the cost of environmental degradation (Painter 2003) . It is
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Figure 1-1. When considering the implementation of ground bio-or eco-engineering techniques, the engineer must take into account the potential dangers, size, cost and gain of the project. Pioneering woody species are of particular importance in the development of ground bio-engineering systems. This group of plants represents the succession bridge between the herbaceous initial colonisers (seeded grasses and legumes) of a disturbed site and later seral types and thus plays a key role in succession advancement of the site (Polster 2003) . Woody vegetation improves the hydrology and mechanical stability of slopes through root reinforcement and surface protection (Sotir 2002) .
The role of vegetation in stabilising slopes is not limited to general planting techniques. One aspect of ground bio-engineering is to use living plant material to build structures to stabilise the problem site. All construction materials must be strong enough to withstand the forces acting on them. Since it is the intention to build structures of living materials, these materials must sprout and grow, therefore the materials must be in a condition that will promote their subsequent growth. Plant material is typically in the form of stem cuttings when planted and must therefore be capable of forming new roots and shoots (Polster 2002) .
By using vegetation in the structure it is possible to manipulate the depth at which rooting occurs. For example, live willow stakes can be planted at a depth of 2.0 m below the surface as long as anaerobic conditions are not present (Steele et al. 2004 
HOW TO USE THIS BOOK
This book has been written to provide non-specialists with the information needed to characterize an unstable slope and to decide how best to restore and/or manage the site in the long-term. Chapters 2 and 3 explain how to rent types of mass wasting which can be found. How plants reinforce soil on carrying out, ground bio-engineering methods can be used and a wide selection is presented in Chapter 7, along with the long-term management of 
NATURAL SLOPES
through many geological and geomorphological processes, e.g., mountain building, glacial activity, tidal and river activity. These slopes are only stable if the soil has sufficient strength to resist the gravitational forces on the potential sliding mass. Changes in pore water pressure conditions, slope geometry or engineering works may cause these natural slopes to fail (see Chapter 3). Failure planes are e.g., rotational, translational or complex, and occur at varying depths according to the different ground conditions present. Vegetation is unlikely to have a significant impact on slope stability where slip planes are deep-seated, due to the shallow rooting nature of many species. However, vegetation may protect the ground surface from erosion by wind and water and prevent erosion at the toe of slopes where the slope is being undercut by wave action in water courses. The stability of the toe of a slope, stabilized by vegetation, may be sufficient to maintain the stability of the slope as a whole (Coppin and Richards 1990; .
Hillsides and valley slopes in rural areas are commonly planted with woodlands and managed forests. In these particular areas, individual tree instability due to storms and gales (see Chapter 5), rockfall (see Chapter 7) or debris flows may be more of a problem than slope stability. Deforestation and wildfires on these types of slopes may also lead to increased soil erosion. Many drainage channels exist on hillslopes and in valleys. The streams and rivers that meander and flow down these slopes may undercut the hillslopes and cause bank instability. Ground bio-engineering is an accepted engineering technique for stabilizing bank erosion and instability caused by fast flowing water, and as such is not specifically covered in this book. The reader is therefore referred to published texts for advice on river bank stability (e.g., Stern 1996, 2000) .
Eco-engineering methods are particularly suited to natural slopes, where management is generally long-term and the site is large-scale.
ARTIFICIAL SLOPES OR EARTHWORKS
Artificial slopes or earthworks are either cut into natural rock or soil or built up to form embankments, dams, waste tips or spoil heaps. Vegetation could be used for stabilizing cut slopes in soil, soil embankments, waste tips, spoil heaps and terraced slopes. It is less likely to be of value in dams where Ground bioengineering methods are commonly used on artificial and terraced slopes, as this fast and effective solution can be considered during slope construction and remediation.
Embankments
Embankments typically occur along highways, railways and canals from elsewhere and placed on natural ground. The changes in condition of the safe and efficient operation of the transport system. Embankment stability is dependent on soil material; presence of water; shrink and swell cycles induced by seasonal moisture changes and vegetation; slope geometry, angle and height; construction method and type of foundation, and age. External factors such as vandalism, erosion and burrowing animals can cause loss of embankment performance (Perry et al. 2003a) . Slope failure can either be in the form of small-scale shallow translational slides, where the failure is contained entirely within the embankment rotational slips that run from the crest through the embankment to the underlying foundation material to emerge beyond the toe. The type of slope failure is different for each transport sector due to the variation in construction methods, soil materials, drainage provision and function. Slope (Figure 2 .2) and are made from materials such as soil or rock excavated engineering stability is critical and vegetation could affect soil permeability.
side slopes and maximum depth of rupture does not exceed 2.0 m, or deep these materials with time and rate of deformation have critical influences on failure in embankments during and after construction is sometimes associated with the interface between the natural ground and the fill material. Pore water pressures and seepage within the embankment and natural ground a potential rupture surface may be formed (Coppin and Richards 1990; Greenwood et al. 2001; Perry et al. 2003a) . (Coppin and Richards 1990; MacNeil et al. 2001; Marriott et al. 2001; Operstein and Frydman 2000; Steele et al. 2004; Norris 2005) . Vegetation may help to stabilise the toe of deeper slips but generally deep rotational slips at depths greater than 2.0-3.0 m would be out of the zone of influence of many tree roots. For deep-seated slides, a combination of geosynthetics and vegetation may be more appropriate.
3.2
Cut-slopes and cuttings existing ground with side slopes and a trafficked surface, providing passage alignment. The change in condition of the soils with time and the rate of deformation of the cutting again affect the safe and efficient use of the transport corridor Marriott et al. 2001; Perry et al. 2003b) . The stability of a cut-slope can be affected by a reduction in the strength or stiffness of the soil through which the cut is made; a change in the external disturbing static and dynamic forces acting on the soil structure; occur in a similar manner to failures on embankments, therefore, the application of vegetation on cut slopes may be applied in the same way as for embankments, i.e., by using a combination of vegetation types to intercept shallow translational failures and by placing vegetation at the toe of slopes. In the following sections a brief overview is given of the mechanisms, morphology, causes and consequences of mass movements and erosion.
Terraces
Human interaction
The role of man in triggering slope processes is considerable. The continuous expansion of agricultural, industrial and built up areas, as well as the continuous enlargement of infrastructures such as roads and railways, create new areas which are destabilized by human action, including:
• Deforestation -Removal of forests is a major issue in many countries and soils may become destabilized or prone to erosion after the removal of vegetation (Sidle and Dhakal 2002) . Overgrazing also reduces vegetation cover, increasing the risks for soil degradation. • Construction activities -Built up areas are also expanding into steeper terrain in areas with high slope failure risk. Furthermore, built up areas have high runoff, increasing the risk of floods and erosion.
This chapter describes the processes involved in the transport of material over hillslopes. Hillslopes provide the gradients enabling material to be transported from the slopes themselves towards the valley bottoms, directly by gravity alone, or by water flowing down over the surface. Gravity has the potential to transfer material downslope if the material resistance to counteact Conventionally, slope processes in which gravity alone is the dominant it is insufficient. Similarly, water and wind flowing along the surface exert which other agents dominate are called erosion, e.g. wind or water erosion. a drag on soil particles and have the potential to entrain material. After the gradient has fallen below a critical threshold to keep the material in transAlthough mass wasting is a natural process its incidence and impact may port, deposition occurs.
• The expansion of road and train networks -By expanding these network systems through hilly terrain, considerable slope cuttings may be needed, which in turn requires significant efforts to reduce the risk of hillslope processes.
• climate change is still controversial, it is undoubtedly occurring at an unusually fast rate. An increase in the global temperature will result in more extreme weather events e.g., increased rainfall which in turn can trigger landslides and exacerbate surface erosion (Sidle and Dhakal 2002) .
directly influences the food security of mankind as more and more land is needed for the production of crops.
Impacts of slope processes
The impact of mass movements and soil erosion can be dramatic. Mass becomes less harmful when compared to the 'natural' situation. Controlling such movements can be done by trying to reduce the inflow of water into the mass movement area or by specific measures to relocate rivers and streams preventing increased erosion (Rupke et al. 1988) . Mass movements only occur on hillslopes, whether they be artificial or natural and always deliver loose material to the toe and lower slopes, which may cause off-site effects with regards to sediment delivery to lower areas via river flow transport. Soil erosion occurs on hillslopes and removes the fertile topsoil. When this occurs at higher rates than soil formation and weathering this loss is irreversible. It not only leads to the local formation of rills, gullies or site effects such as sedimentation in valley bottoms, where it can result in blockage of roads and damage to property. Soil erosion may also lead to the siltation of reservoirs, which is of major concern. Many examples are known where reservoirs have been filled within 10-30 years after their construction by sediment produced in the uplands.
Soil erosion is particularly accelerated in many areas of the world and tunnels, thus damaging agricultural fields, but also leads to considerable offvery difficult to manage and in most cases cannot be stopped. In some movements often affect large parts of a slope at relatively fast rates, ideal cases, mass movements can be controlled in such a way that it depending on the type of movement. Large and deep mass movements are Climate change -Although some researchers claim that the cause of 2.
MASS MOVEMENTS
2.1.1 Terminology
The term mass movements is used here (Brunsden 1984) as a more generic term for those processes that Varnes (1978) called landslides and defined as "a downward and outward movement of slope forming material under the influence of gravity". Slope instability is used to describe the resulting deformation of the slope and the term failure the onset of movement. Mass movements encompass a wide range of slope deformations associated with slope instability. In addition to sliding along a discrete shear plane they include the free, downslope movements of rocks and rock masses, (falls and topples), the latter exhibiting a rotational component, and flows. In this book, emphasis is placed on those mass movements of which the occurrence or behaviour is influenced by vegetation. Some large-scale deformations e.g., lateral spreading, cambering and sagging are therefore ignored or only briefly mentioned (Varnes 1978; Hutchinson 1988) .
2.1.2
General principles of slope instability the stability and likely deformation mechanisms of a slope are understood.
that must be counteracted by the available shear strength. This concept forms
The Mohr-Coulomb failure criterion describes the available shear strength of rocks and soils adequately in most cases and is the most widely used constitutive equation of shear strength. This criterion attributes the shear strength of a material to a finite cohesion and a frictional component. Cohesion is expressed as a stress and can be interpreted as the total of attractive forces between particles per representative bulk area e.g., 1.0 m 2 of material, of the shear plane along which the shear strength is mobilised. This stress is a major constituent of the strength of plastic or fine-grained soils such as clays and silts. The frictional resistance is mobilised at the particle contacts and increases with particle size (Table 3-1) . The frictional and Recognition Introduction: Terminology, General Principles restoring forces that act on a potentially unstable soil mass. The driving For the prediction and remediation of mass movements it is essential that slope can be considered stable (see Chapter 5). able shear strength over the shear stress. If this ratio is larger than one, the Slope stability depends on the equilibrium between the driving and the basis of the safety factor, FOS, which is the ratio of the maximum availforces acting on slope material, including gravity, result in a shear stress, τ, component is proportional to the inter-particle forces, that is represented by the normal stress acting on the representative bulk area, σ′. At failure, the maximum available shear strength is mobilised which can be expressed by ( The primed variables of Equation 1 signify that shear strength is expressed in terms of effective stress (Terzaghi's principle; Lambe and Whitman 1979) . When pore pressures are present, for example below the water table, they carry part of the inter-particle stress and the total normal stress, σ, is reduced by the pore pressure u to the effective normal stress σ′.
The effective shear strength is called the drained shear strength as it is determined at strain rates that are sufficiently low to allow complete drainage and avoid the negative effect of pore pressures on the shear strength. Excessive pore pressures can be expected in an engineering context as a result of rapid loading or draw-down. In these cases, it is more appropriate to work with the undrained shear strength and in terms of total virtually nil ( = 0 analysis). Only when excess pore pressures have dissipated and the fabric of particles carries all loads, is it appropriate to use the drained shear strength again. For this reason, the undrained and drained Failure upsets the soil fabric and changes the shear strength accordingly. Dense granular soils, e.g., sands, often dilate when the interlocking particles large displacements in a concentrated shear zone destroy the cohesive bonds between particles. Consequently stress-strain graphs often exhibit a drop in the shear strength after a peak at failure and trail off to a residual value at large strains ( Figures 3.2 and 3.3) . This residual shear strength should be considered in the case of reactivation whereas the peak shear strength is appropriate in the case of first-time failures only. Some rock and soil materials can be highly problematic with regards to balance of a slope or act as lubricant in joint systems. Likewise, some volcanic derived soils containing amorphous Al-silicates experience a substantial loss in shear strength upon wetting. Some rock types such as gypsum, salt and limestone are prone to dissolution, which may threaten the integrity of the rock mass as a whole (Seijmonsbergen 1992) . Changes in the soil fabric after failure can also alter the available pore space. This is often the case in loosely packed materials such as loess or peat deposits. Upon contraction, excessive pore pressures may form by the compression of water or air and force the material to behave as a viscous fluid that can sustain less shear stress. This compression affects stability negatively and may result in much larger displacements and velocities. Dilation of the shear zone can increase the pore space and exert a suction that increases the inter-particle stresses (viscous drag; Nieuwenhuis 1991). Such a phenomenon attenuates slope stability. Swelling clays, e.g., smectites, can expand and upset the are moved over each other and the frictional resistance decreases. Likewise, shear strengths are considered to be characteristic for the short-and long-term stability of a slope respectively (Skempton 1964).
stresses. In such cases, the contribution of the frictional component will be φ slope movement, in particular in the case of large landslides in fine-grained soils. It is important to realise, therefore, that the shear strength counteracting slope instability is not constant over time; material is generally able to mobilise more strength to ward off first-time failure than to prevent reactivation.
Shear strain, ε [-] Mobilised shear strength 
Recognition of mass movement types
It is imperative that due consideration should be given to the hazard of slope instability before any activities are deployed or engineering works carried out in hilly terrain. The recognition of those areas that are prone to failure or areas that have been subjected to slope instability in the past or present must be performed to avoid inadvertent development on a site. Site characteristics can help to distinguish active from inactive mass movements (Table 3-3) . Active mass movements are defined here as those that have shown movement in the recent past and can be expected to be reactivated in a foreseeable period. This potential hazard for reactivation is central to the sustainability of certain activities or the desirability of engineering solutions.
Mass movement types can be recognised on the basis of the characteristics of the different mass movement parts (Figure 3.4) . A simplified scheme for the recognition of mass movements is given here based on the Care is required with the interpretation of site characteristics. Undoubtedly, any judgment on mass movement hazards will be subjective and it is strongly advised that local expertise is consulted, as distinct conditions may region.
Site characteristics provide crucial information about the hazard of potential slope instability. Because of the complex causes of most landslides, it is hard to give precise criteria. Therefore, the site characteristics listed in Table  3 -2 only provide guidance to recognise potentially or actually unstable terrain (compiled from Crozier 1984; Sidle et al. 1985; Cooke and Doornkamp 1990; Rib and Liang 1978; Cruden and Varnes 1996; Dikau et al. 1996a) .
be important for the initiation and reactivation of mass movements in a given original of Rib and Liang (1978; see Table 3-4) . 
Site characteristic Morphology
Moderately steep for landslides (>10°) to extremely steep for rockfalls (>35° permeability.
horizons indicating stagnating water in the soil. 
2.2
Causes of mass movements from cause to effect" (Varnes 1978) . It is therefore often difficult to attribute slope instability to a single factor (Bogaard 2001). Clearly some factors are more dynamic than others, which can be considered quasi-static on human factors determines the susceptibility of a slope or a set of slopes to failure (e.g., geology, slope gradient, slope aspect, elevation, soil properties, and long-term drainage patterns; Dai and Lee 2001). Given this susceptibility, the more dynamic factors such as rainfall or seismic events trigger the instability. Based on this distinction, Crozier (1986) proposed therefore a distinction in preparatory factors that increase the susceptibility of a slope to failure over time and triggering factors that upset the balance momentarily. The frequency of potential triggers defines the incidence of mass movement (Van Asch and Van Steijn 1991; Crozier 1986) . Consequently, mass movement hazard consists of a spatial and a temporal component that needs to be evaluated jointly (Varnes 1984) and the resulting mass movements pose a risk to activities, both in its source area and along its track. After instability has occurred, the resulting mass movement may remain active for a long time, which poses a further risk for any activities in the affected area. 
R. van Beek et al.
"The processes involved in slope movements comprise a continuous series timescales. Therefore, the spatial distribution of these least changeable
